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DAMPs

:   damage‐associated molecular patterns

ECM

:   extracellular matrix

HA

:   hyaluronic acid

LTBP

:   latent transforming growth factor β1 binding proteins

LYVE‐1

:   lymphatic vessel endothelial hyaluronan receptor‐1

MAGP1

:   microfibril‐associated protein‐1 (MAGP1)

N‐cad^∆lens^

:   lens‐conditional embryonic knockout of N‐cadherin

NETs

:   neutrophil extracellular traps

PCO

:   Posterior Capsule Opacification

TGFβ

:   Transforming Growth Factor β

TLR4

:   toll‐like receptor 4

TN‐C

:   tenascin‐C

TSP‐1

:   thrombospondin‐1

1. INTRODUCTION {#fsb220617-sec-0001}
===============

The anterior segment of the eye, long been considered immune privileged, now must instead be considered immune tolerant, having adapted novel mechanisms to provide immune cell responses in the absence of a vasculature. Our previous studies of a lens‐conditional embryonic knockout of N‐cadherin (N‐cad^∆lens^) provided the first evidence that immune cells are recruited to the avascular lens, in this case in response to lens dysgenesis.[^1^](#fsb220617-bib-0001){ref-type="ref"} The earliest immune cells detected within these dysgenic lenses are macrophages, followed by B cells and T cells,[^1^](#fsb220617-bib-0001){ref-type="ref"} evidence that an adaptive immune response can be activated by lens pathologies, and that immune cells can populate the lens. The morphogenetic defects that begin during the development of the N‐cad^∆lens^ mouse lens[^2^](#fsb220617-bib-0002){ref-type="ref"} result in more severe lens dysgenesis in the adult resulting in cataract‐like opacities.[^1^](#fsb220617-bib-0001){ref-type="ref"} In adult mice, the immune cells that are recruited to these dysgenic lenses acquire a myofibroblast phenotype prior to the development of cataracts.[^1^](#fsb220617-bib-0001){ref-type="ref"} Myofibroblasts, such as those that appear in these dysgenic lenses and the collagen I matrix they produce have long been associated with lens fibrotic pathologies, including cataracts. These studies provided evidence that immune cells that associated with the lens need to be considered as potential agents of lens disease.

During mammalian development the lens is surrounded by a fetal vasculature,[^3^](#fsb220617-bib-0003){ref-type="ref"}, [^4^](#fsb220617-bib-0004){ref-type="ref"} a potential source of resident immune cells of the lens, including the F4/80+ macrophages that associate with the mouse lens primordium.[^5^](#fsb220617-bib-0005){ref-type="ref"} In those early studies, F4/80+ were not detected at later stages of development. The lens‐associated vasculature, an anastomosed network of the tunica vasculosa lentis originating from the hyaloid artery, and the anterior pupillary membrane, which extends from the ciliary veins, regresses around the time of birth via programmed cell death.[^6^](#fsb220617-bib-0006){ref-type="ref"}, [^7^](#fsb220617-bib-0007){ref-type="ref"} Its failure to involute results in Persistent Fetal Vasculature Syndrome and visual impairment. Therefore, it has been believed that there are no sources of immune cells to protect or repair the lens after birth. Our previous studies with N‐cad^∆lens^ mice that showed immune cells are recruited to dysgenic lenses in adult mice,[^1^](#fsb220617-bib-0001){ref-type="ref"} and demonstrate the capability to activate an adaptive immune response in the adult lens.

Multiple sites within the eye have been previously shown to harbor innate immune cells, including the uvea, composed of the iris, choroid, and ciliary body, as well as the cornea and conjunctiva,[^8^](#fsb220617-bib-0008){ref-type="ref"}, [^9^](#fsb220617-bib-0009){ref-type="ref"} while the retina has been shown to contain myeloid cells, similar to brain microglia.[^10^](#fsb220617-bib-0010){ref-type="ref"} Additionally, while the intraocular compartments lack traditional lymphatics, aqueous fluid drains via episcleral blood vessels to reach traditional immune organs including the spleen and thymus.[^11^](#fsb220617-bib-0011){ref-type="ref"} There also exists an eye‐draining lymph node, designed to receive antigenic material from the eye[^12^](#fsb220617-bib-0012){ref-type="ref"}, [^13^](#fsb220617-bib-0013){ref-type="ref"}, [^14^](#fsb220617-bib-0014){ref-type="ref"} and previous reports indicate that in pathogenic conditions, lymphatics can be induced in the cornea[^15^](#fsb220617-bib-0015){ref-type="ref"}, [^16^](#fsb220617-bib-0016){ref-type="ref"} and likely in the uveal tissues[^17^](#fsb220617-bib-0017){ref-type="ref"}, [^18^](#fsb220617-bib-0018){ref-type="ref"} that would allow for a rapid immunologic response. Previous research has also demonstrated that the aqueous humor is capable of inducing regulatory T cells to produce Transforming Growth Factor β (TGFβ).[^19^](#fsb220617-bib-0019){ref-type="ref"}, [^20^](#fsb220617-bib-0020){ref-type="ref"} This TGFβ pathway has been thought in part to regulate dendritic cells present in the aqueous humor to mediate immune tolerance in the anterior chamber.[^21^](#fsb220617-bib-0021){ref-type="ref"}, [^22^](#fsb220617-bib-0022){ref-type="ref"} Additionally, in disease states such as glaucoma, the aqueous humor has also been populated by antibodies including those against αB crystallin and vimentin.[^23^](#fsb220617-bib-0023){ref-type="ref"}, [^24^](#fsb220617-bib-0024){ref-type="ref"} The innate immune cells of the eye, in addition to the circulatory system of the eye\'s vasculature and aqueous humor drainage, likely work in tandem to regulate immune response to the lens.

Additionally, our prior studies showed evidence that in the case of lens dysgenesis, lens‐associated immune cells likely transit by way of the fibrillin‐rich ciliary zonules,[^1^](#fsb220617-bib-0001){ref-type="ref"} structures that connect the ciliary body to the lens.[^25^](#fsb220617-bib-0025){ref-type="ref"}, [^26^](#fsb220617-bib-0026){ref-type="ref"}, [^27^](#fsb220617-bib-0027){ref-type="ref"} The ciliary zonules are produced by the nonpigmented ciliary epithelial cells of the ciliary body.[^28^](#fsb220617-bib-0028){ref-type="ref"} While the primary role of the ciliary zonules is to transmit contractile forces from the smooth muscle of the ciliary body integral to lens function of focusing images on the retina, a process referred to as accommodation, the zonule proteome includes numerous extracellular matrix (ECM) and signaling proteins that can provide an environment permissive for cell migration. These potential pro‐migratory molecules include fibrillin‐1, fibrillin‐2, latent transforming growth factor β1 binding proteins (LTBPs), and Microfibril‐Associated Glycoprotein‐1 (MAGP1),[^29^](#fsb220617-bib-0029){ref-type="ref"} a fibrillin‐binding protein that sequesters and regulates the release of active forms of TGFβ.[^30^](#fsb220617-bib-0030){ref-type="ref"} Other zonule components that could participate in directing immune cell migration include matricellular proteins like tenascin‐C (TN‐C) and thrombospondin‐1 (TSP‐1). TN‐C supports immune cell adhesion through its binding of the toll‐like receptor (TLR4).[^31^](#fsb220617-bib-0031){ref-type="ref"}, [^32^](#fsb220617-bib-0032){ref-type="ref"} TSP‐1 is involved in the activation of latent TGFβ,[^33^](#fsb220617-bib-0033){ref-type="ref"}, [^34^](#fsb220617-bib-0034){ref-type="ref"} and TSP‐1 functions as an integrin ligand,[^35^](#fsb220617-bib-0035){ref-type="ref"} both which may be responsible for the role of TSP‐1 in immune cell migration.[^36^](#fsb220617-bib-0036){ref-type="ref"}

The hyaluronic acid (HA) receptor lymphatic vessel endothelial hyaluronan receptor‐1 (LYVE‐1) is expressed by immune cells and lymphatic endothelial cells.[^17^](#fsb220617-bib-0017){ref-type="ref"}, [^37^](#fsb220617-bib-0037){ref-type="ref"}, [^38^](#fsb220617-bib-0038){ref-type="ref"}, [^39^](#fsb220617-bib-0039){ref-type="ref"} Its extracellular domain, which is shed from the surface of activated immune cells,[^40^](#fsb220617-bib-0040){ref-type="ref"}, [^41^](#fsb220617-bib-0041){ref-type="ref"} co‐localizes with MAGP‐1 along the ciliary zonules,[^1^](#fsb220617-bib-0001){ref-type="ref"} where it is likely left behind by immune cells traveling between the vasculature of the ciliary body and the lens. Cleavage of LYVE‐1 could be executed by proteases known to be associated with the zonules[^29^](#fsb220617-bib-0029){ref-type="ref"} or secreted by the immune cells themselves. The association of the LYVE‐1 ectodomain with the ciliary zonules is enhanced in the eyes of adult N‐cad^∆lens^ mice, a finding consistent with increased transit of immune cells along the zonules to populate these dysgenic lenses.[^1^](#fsb220617-bib-0001){ref-type="ref"}

We have now conducted studies to investigate whether there are mechanisms that provide an immune cell response to the avascular lens. Since our studies of adult N‐cad^∆lens^ mice revealed that there is an immune response throughout avascular regions of the eye to the dysgenesis of the lens,[^1^](#fsb220617-bib-0001){ref-type="ref"} we now examined whether immune cells were activated to surveille the lens in response to inflammatory cues arising from cornea debridement wounding. With these studies, we discovered that within 1 day of corneal wounding there is active recruitment of immune cells to the lens, with immune cells populating the ciliary zonules along the equatorial and anterior surfaces of the lens. From their position within the zonules on the lens surface, these immune cells are able to migrate across the lens capsule. As we previously found that immune cells recruited to the dysgenic lenses of adult N‐cad^∆lens^ mice acquire a myofibroblast phenotype prior to the development of cataract‐like opacities,[^1^](#fsb220617-bib-0001){ref-type="ref"} our new findings also suggest that immune cells that are induced to associate with the lens in response to injury or disease in other regions of the eye may become the cause of lens fibrotic pathologies.

2. MATERIALS AND METHODS {#fsb220617-sec-0002}
========================

2.1. Animals {#fsb220617-sec-0003}
------------

All animal studies performed were approved by the George Washington University Medical Center Institutional Animal Care and Use Committee (IACUC) and the Thomas Jefferson University IACUC. These studies comply with all relevant guidelines. In addition, they comply with the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research ([https://www.arvo.org/About/policies/statement‐for‐theuse‐of‐animals‐in‐ophthalmic‐and‐vision‐research](https://www.arvo.org/About/policies/statement-for-theuse-of-animals-in-ophthalmic-and-vision-research)).

7w‐8w Male BALB/c mice from Charles River at Frederick MD were used for mouse cornea wounding experiments and for unwounded control mice. Debridement wounding was performed as described previously.[^42^](#fsb220617-bib-0042){ref-type="ref"} In brief, mice were anesthetized with ketamine/xylazine and a topical anesthetic applied to their ocular surface. A 2.5 mm trephine was used to demarcate the wound area and the epithelial cells within a 2.5 mm trephine area were removed using a dulled blade. Wounding was bilateral. After wounding, erythromycin ophthalmic ointment was applied to the injured cornea and mice were allowed to heal for 1 day, and then, euthanized.

2.2. Immunofluorescence labeling {#fsb220617-sec-0004}
--------------------------------

For immunolabeling studies of mouse eyes, whole mouse eyes were removed immediately after euthanasia, fixed overnight at 4°C in 3.7% of paraformaldehyde, washed in PBS, cryoprotected in 30% of sucrose, and frozen in OCT. 20 μm thick cryosections were cut. Sections were permeabilized (0.5% Triton X100 in DPBS \[2.7 mM KCl, 1.5 mM KH~2~PO~4~, 137.9 mM NaCl, 8.1 mM Na~2~HPO~4~‐7H~2~O\] \[Corning\]) for 1 hour, incubated in block buffer (5% goat/donkey serum, 3% bovine serum albumin \[BSA\] in DPBS, 0.25% Triton X100) for 2 hours, incubated in primary antibody diluted in block buffer overnight at 37°C, washed, and then, incubated for 1 hour in secondary antibody (Jackson ImmunoResearch Laboratories) diluted in block buffer. Primary antibodies used included MAGP1 (gift, R. Mecham, Washington University, St. Louis), Perlecan (Santa Cruz, SC‐33707), TSP‐1 (Santa Cruz, SC‐393504), GR1 (Ly‐6G/Ly‐6C, Biolegend, 108448), CD45 (Biolegend, 103122), CD68 (Biolegend, 137012), and Laminin (Sigma Aldrich, L9393). F‐actin was labeled with fluorescent‐conjugated phalloidin (Invitrogen, A12381 or A22284), and nuclei were with labeled with DAPI (Biolegend, 422801) or TO‐PRO‐3 (Invitrogen).

For immunolabeling of mouse lens whole mounts, whole eyes were fixed as above, the lenses removed after making a cut in the back of the eye, washed two times for 30 minutes, and incubated in blocking buffer (1% BSA in PBS) with gentle shaking at room temperature for 10 minutes. A 1% of horse serum was added to the block buffer and incubated for an additional minute. Lenses were incubated overnight at 4°C with MAGP1 antibody (gift, R. Mecham) diluted in blocking buffer, washed five times for 1 hour with PBS and 0.02% Tween 20 (PBST), blocked for 2 hours, and then, incubated with secondary antibody (DyLite 488, Jackson Immunobiologicals) diluted in blocking buffer overnight at 4°C. Lenses were co‐stained with phalloidin (Invitrogen), washed three times for 1 hour with PBST, and placed on indented slides that were covered with mounting media (Fluoromount G; Electron Microscopy Sciences) prior to coverslipping.

2.3. Scanning electron microscopy {#fsb220617-sec-0005}
---------------------------------

Lenses were fixed in 2.5% of glutaraldehyde and 1% of paraformaldehyde in sodium cacodylate buffer. After rinsing, the samples were postfixed in 1% of osmium tetroxide. A serial dehydration in ethyl alcohol was followed by critical point drying (Autosamdri‐931, Tousimis, Rockville, MD). A thin layer of gold was sputtered onto the surface of the samples (Cressington 208HR, Ted Pella Inc, Redding, CA) before imaging in the FEI Teneo LV Scanning Electron Microscope (Thermo Fisher, Hillsboro, OR). Imaging conditions were 2.0 KV with a working distance of 8.7 mm using the Everhart Thornley detector.

2.4. Image analysis {#fsb220617-sec-0006}
-------------------

Images of immunolabeled samples were examined using a Zeiss LSM800 confocal microscope. When indicated, super‐resolution images were acquired using the Airyscan feature on the Zeiss LSM800. Z‐stacks with 1 µm optical sections were collected and analyzed using Zeiss Zen software and 3D images were created using Imaris software (Version 9.5). Imaging of mouse lens whole mounts was performed with a Zeiss 710 confocal microscope. Z‐stacks with 1 μm optical sections were acquired and 3D images created either with Imaris software (Version 9.5) or Volocity software (Version 6.3, Perkin Elmer).

2.5. Statistics {#fsb220617-sec-0007}
---------------

For quantification data, eyes from wounded and unwounded animals were imaged using Zeiss LSM800 and individual CD45+ immune cells were counted in specific regions of the eye: ciliary body, equatorial zone of the lens, and anterior epithelium area of the lens. Data represent mean ± SD and a *t* test was performed to compare wounded and unwounded samples, with a *P* \< .05 being considered significant.

3. RESULTS {#fsb220617-sec-0008}
==========

3.1. Elastic fibril‐associated MAGP1 and TSP‐1 in normal and corneal wounded eyes {#fsb220617-sec-0009}
---------------------------------------------------------------------------------

Following corneal debridement wounding (Figure [1A](#fsb220617-fig-0001){ref-type="fig"}), immune cells migrate to the avascular region of the central cornea from the limbal blood vessels. They move through the corneal stromal matrix, which is comprised primarily of collagens and proteoglycans organized into lamellae.[^43^](#fsb220617-bib-0043){ref-type="ref"} Fibrillin is a structural component of the elastic fibers of the cornea stroma.[^44^](#fsb220617-bib-0044){ref-type="ref"}, [^45^](#fsb220617-bib-0045){ref-type="ref"} Also the backbone of the ciliary zonules, fibrillin provides the molecular site for binding of MAGP1.[^25^](#fsb220617-bib-0025){ref-type="ref"}, [^26^](#fsb220617-bib-0026){ref-type="ref"}, [^29^](#fsb220617-bib-0029){ref-type="ref"} Confocal imaging of cryosections of unwounded mouse eyes immunolabeled for MAGP1 revealed a distinctive distribution within the normal cornea stroma where it localizes to the matrix between stromal lamellae and is most abundant at the anterior aspect Descemet\'s membrane (Figure [1B](#fsb220617-fig-0001){ref-type="fig"}), the same region that is enriched for fibrillin and elastic fibers. By contrast, MAGP1 is rarely detected in the corneal stroma adjacent to the epithelial basement membrane (Figure [1B](#fsb220617-fig-0001){ref-type="fig"}). To the best of our knowledge, the presence of MAGP1 in adult corneas had not been previously investigated.

![Upregulation of elastic‐fibril‐associated MAGP1 and Thrombospondin in response to corneal debridement injury. A, Model of corneal debridement wounding; wavy lines denote stromal cells. B‐E, Central cornea region of whole mouse eye cryosections; (B,D) unwounded and (C,E) 1 day post‐corneal debridement wounding. B and C, Co‐immunolabeled for MAGP1 (green) and perlecan (purple) and labeled for nuclei (blue). D and E, Labeled for thrombospondin (red) and nuclei (blue). In unwounded eyes MAGP1 is most abundant in the stroma adjacent to Descemet\'s membrane and becomes uniformly distributed throughout the corneal stroma by 1D post‐wounding. Like MAGP1, expression of thrombospondin in the uninjured cornea is low and greatly increased in the corneal stroma at 1D post‐corneal wounding. Studies are representative of at least three independent experiments. Magnification bars = 20 μm. Epi = corneal epithelium](FSB2-34-9316-g001){#fsb220617-fig-0001}

Immunolocalization studies show that both the expression and distribution of MAGP1 increased throughout the stroma within 1 day of cornea debridement wounding (Figure [1C](#fsb220617-fig-0001){ref-type="fig"}). The absence of the epithelial barrier resulted in swelling of the corneal stroma during fixation of the tissue; stromal swelling is not seen at the corneal periphery where the epithelium is present after wounding. Remaining localized to the stroma above Descemet\'s membrane, in response to wounding MAGP1 becomes uniformly distributed throughout the corneal stroma (Figure [1C](#fsb220617-fig-0001){ref-type="fig"}). The MAGP1 staining pattern within the stroma reveals that this protein co‐localizes with collagen lamellae; the intense puncta seen in both the control and wounded corneas suggests that MAGP1 also associates with proteoglycans. As previously reported,[^46^](#fsb220617-bib-0046){ref-type="ref"}, [^47^](#fsb220617-bib-0047){ref-type="ref"} and paralleling the increase in MAGP1, TSP‐1 is greatly increased in the corneal stroma at 1D post‐corneal wounding (Figure [1D,E](#fsb220617-fig-0001){ref-type="fig"}).

3.2. Association of migrating immune cells with MAGP1‐rich microfibrils in the central corneal stroma following debridement wounding {#fsb220617-sec-0010}
------------------------------------------------------------------------------------------------------------------------------------

To maintain transparency, blood and lymphatic vessels are excluded from the light path in the cornea. The immune cells that populate the cornea before and after injury derive from cells in the peripheral limbal vasculature, the aqueous humor, and the tears.[^48^](#fsb220617-bib-0048){ref-type="ref"}, [^49^](#fsb220617-bib-0049){ref-type="ref"} Our labs and others have shown that innate immune cells rapidly populate the central cornea in response to corneal injury.[^50^](#fsb220617-bib-0050){ref-type="ref"}, [^51^](#fsb220617-bib-0051){ref-type="ref"}, [^52^](#fsb220617-bib-0052){ref-type="ref"} Here, we have extended these findings to show the close association between immune cells and MAGP1‐rich microfibrils in unwounded corneas and in corneas at 1 day following debridement wounding (Figure [2](#fsb220617-fig-0002){ref-type="fig"}). Cryosections were co‐immunolabeled for MAGP1 and CD45, a surface protein expressed by immune cells that we have used previously to show immune cells at the wound edge following corneal debridement wounding.[^50^](#fsb220617-bib-0050){ref-type="ref"}, [^51^](#fsb220617-bib-0051){ref-type="ref"}, [^52^](#fsb220617-bib-0052){ref-type="ref"} In unwounded corneas, immune cells are present in both the peripheral cornea (Figure [2A‐C](#fsb220617-fig-0002){ref-type="fig"}) and in the limbal region (Figure [2](#fsb220617-fig-0002){ref-type="fig"}G‐I). An influx and increase in immune cells was observed in both regions at 1 day post‐injury (Figure [2](#fsb220617-fig-0002){ref-type="fig"}D‐F,J‐L), particularly in the limbal region, consistent with prior studies of the involvement of this area inimmune response.[^53^](#fsb220617-bib-0053){ref-type="ref"}, [^54^](#fsb220617-bib-0054){ref-type="ref"} In both wounded and unwounded corneas, CD45+ immune cells are seen transiting through a MAGP1‐rich matrix with a close association between MAGP1 and these cells highlighted in 3D structural representations of confocal Z‐stacks (Figure [2](#fsb220617-fig-0002){ref-type="fig"}B,C,E,F,H,I,K,L), suggesting a role for MAGP1 in immune cell migration through the cornea stroma.

![Immune cells locate along MAGP1‐rich fibrils in the stroma following corneal debridement wounding. Cryosections of whole mouse eyes, both (A‐C, G‐I) unwounded and (D‐F, J‐L) at 1 day post‐corneal debridement wounding, imaged at (A‐F) the peripheral cornea and (G‐L) the limbus. All sections were co‐immunolabeled for MAGP1 (purple) with immune cell marker CD45 (green) and nuclei (blue). (B,C,E,F,H,I,K,L) are 3D structural images created with Imaris software from confocal Z‐stacks. Asterisks indicate the same cells in different images. Immune cells increase in the peripheral cornea and limbus and are closely associated with MAGP1 fibrils. Studies are representative of at least three independent experiments. Magnification bars = 20 μm in A,D,G,J; = 4 μm in B; = 2 μm in C,F,I,K,L; = 3 μm in E; 5 μm in H](FSB2-34-9316-g002){#fsb220617-fig-0002}

To further investigate the immune response to corneal debridement, we looked for the presence of a variety of immune cell types and their association with MAGP1 in the region of the corneal debridement wound, which spans the central cornea. CD68 preferentially labels a surface protein on macrophages/monocytes, and GR1 recognizes LY6G/LY6C, a myeloid differentiation antigen used to detect neutrophils. For these studies, wounded corneas were imaged in both the central region debrided of the epithelium and in the region of the epithelial wound edge. Unwounded corneas, imaged spanning both these regions, have few detectable immune cells (Figure [3A,D](#fsb220617-fig-0003){ref-type="fig"},G), as shown previously. In response to cornea debridement wounding, CD45+ immune cells (Figure [3B,C](#fsb220617-fig-0003){ref-type="fig"}), including CD68+ macrophage/monocytes (Figure [3E,F](#fsb220617-fig-0003){ref-type="fig"}) and GR1+ neutrophils (Figure [3H,I](#fsb220617-fig-0003){ref-type="fig"}), populate the corneal stroma beneath the epithelial wound edge and have even migrated into the central cornea stroma where the epithelial barrier is absent. Immune cells are more abundant in the anterior stroma where MAGP1 is expressed post‐wounding and again we see these cells in close association with MAGP1‐rich microfibrils. Immune cells increase in the central cornea stroma at the same time points that MAGP1 expression increases, showing a positive correlation between their presence.

![Macrophages and leukocytes locate along MAGP1‐rich fibrils in the stroma following corneal debridement wounding. Cryosections of whole mouse eyes, both (A,D,G) unwounded and (B,C,E,F,H,I) at 1 day post‐corneal debridement wounding, imaged at (A,B,D,E,G,H) the central cornea and (C,F,I) the wound edge. Co‐immunolabeling of (A‐I) MAGP1 (green) with immune cell markers (A‐C) CD45, (D‐F) CD68, and (G‐I) GR1. Nuclei labeled blue. While immune cells were rarely detected in the stroma of the central cornea of unwounded eyes, at 1D post‐corneal wounding CD45+, CD68+, and GR1+ immune cells appeared to migrate along MAGP1‐rich fibrils in the stroma of the central cornea and near the wound edge. Insets in C,F,I are high magnification views. Studies are representative of at least three independent experiments. Magnification bars = 20 μm. Migrating Epi = Migrating Corneal Epithelium](FSB2-34-9316-g003){#fsb220617-fig-0003}

3.3. MAGP1 and TSP‐1 are highly‐associated with the ciliary zonules in normal and corneal wounded eyes {#fsb220617-sec-0011}
------------------------------------------------------------------------------------------------------

We also compared the expression and distribution of MAGP1 and TSP‐1 in the ciliary zonules of unwounded and corneal‐wounded adult mouse eyes. As reported previously,[^25^](#fsb220617-bib-0025){ref-type="ref"}, [^26^](#fsb220617-bib-0026){ref-type="ref"}, [^29^](#fsb220617-bib-0029){ref-type="ref"} the ciliary zonules linking the ciliary body to the lens in normal eyes (modeled, Figure [4A](#fsb220617-fig-0004){ref-type="fig"}) are rich in the fibrillin‐binding protein MAGP1 (Figure [4B](#fsb220617-fig-0004){ref-type="fig"}). The zonule fibers first contact the lens capsule at its equator from where a subset extends along the surface of the lens in both anterior and posterior directions in both unwounded and corneal wounded eyes (Figures [4B,C](#fsb220617-fig-0004){ref-type="fig"} and [5A](#fsb220617-fig-0005){ref-type="fig"}).[^25^](#fsb220617-bib-0025){ref-type="ref"}, [^55^](#fsb220617-bib-0055){ref-type="ref"} The MAGP1‐rich anterior‐directed zonule microfibrils are closely linked to the superficial surface of the lens equatorial capsule, reaching as far as the uppermost region of the lens equatorial zone (Figure [5B,C](#fsb220617-fig-0005){ref-type="fig"}). No MAGP1+ ciliary zonules fibers were detected along the anterior surface of the lens capsule before or after corneal wounding (Figure [5D,F](#fsb220617-fig-0005){ref-type="fig"}). Here, the lens capsule surface is rich in basement membrane proteins like perlecan (Figure [5E](#fsb220617-fig-0005){ref-type="fig"},G) and laminin (Figure [6B](#fsb220617-fig-0006){ref-type="fig"}). We now find that in contrast to the corneal stroma, high levels of TSP‐1 are associated with the ciliary zonules of unwounded eyes (Figure [4D](#fsb220617-fig-0004){ref-type="fig"}), and that TSP‐1 is also associated with the superficial surface of the anterior lens capsule (Figure [6A,C](#fsb220617-fig-0006){ref-type="fig"}). Already highly expressed prior to wounding, the association of MAGP1 and TSP‐1 with the ciliary zonules is not significantly increased following corneal wounding (Figure [4C,E](#fsb220617-fig-0004){ref-type="fig"}). Our finding that the avascular ciliary zonules of adult, mammalian eyes are rich in TSP‐1 as well as MAGP1 is consistent with a function for these molecules in providing a microenvironment that promotes the migration of immune cells between the vasculature‐rich ciliary body and the surface of the lens.

![Association of MAGP1 and thrombospondin rich ciliary zonules with the lens in normal and corneal wounded eyes. A, Model of ciliary zonules (red) linking the lens to the ciliary body. B‐E, Whole mouse eye cryosections imaged between the ciliary body and the lens. B and D, unwounded eyes and (C,E) at 1 day post‐corneal debridement wounding. B and C, Co‐immunolabeling for MAGP1 (green) and perlecan (purple), also labeled for nuclei (blue). D and E, Immunolabeled for thrombospondin (red) and co‐labeled for F‐actin (green) and nuclei (blue). MAGP1 is highly associated with the ciliary zonules located between the ciliary body and the equator of the lens, as well as the zonule fibrils that extend along the lens surface for a short distance from the equator toward both its anterior and posterior poles. Association of MAGP1 and thrombospondin with the ciliary zonules was similar in unwounded and corneal wounded eyes. Studies are representative of at least three independent experiments. Magnification bars = 20 μm. CB, ciliary body; CZ, ciliary zonules; LC, lens capsule](FSB2-34-9316-g004){#fsb220617-fig-0004}

![Extension of MAGP1‐rich microfibrils along the surface of the lens. A‐C, Immunolabeling of ciliary zonule microfibrils with antibody to MAGP1 (purple) at 1 day post‐corneal debridement wounding in sections co‐labeled for F‐actin (white) and nuclei (blue), (A) at the lens equator where the ciliary zonules (CZ) emanating from the ciliary body (CB) link to the lens capsule, (B) along the lens capsule (LC) just above the equator, and (C) higher up along the lens equatorial zone approaching the lens anterior, the region where the lens‐associated zonule fibers terminate. D‐G, The anterior region of the lens in (D,E) unwounded eyes and (F,G) at 1 day post‐corneal debridement wounding, co‐immunolabeled for (D,F) MAGP1 (purple) and (E,G) perlecan (green), also labeled for nuclei (blue). Dotted line in D,F,G represents the surface of the lens capsule (LC)](FSB2-34-9316-g005){#fsb220617-fig-0005}

![Thrombospondin is localized to the superficial surface of the anterior lens capsule. Co‐immunolabeling along the anterior lens surface of unwounded eyes for (A) thrombospondin (green) and (B) laminin (red), co‐labeled for F‐actin(white), and nuclei (blue), with (C) the thrombospondin and laminin overlay. Thrombospondin and laminin overlap at the superficial surface of the anterior lens capsule, thrombospondin extending just beyond laminin](FSB2-34-9316-g006){#fsb220617-fig-0006}

3.4. A role for the ciliary zonules in the immune cell response to the avascular lens upon injury to the cornea {#fsb220617-sec-0012}
---------------------------------------------------------------------------------------------------------------

A protective immune response of the lens following cornea debridement wounding would be expected to result in immune cells being associated with the surface of the lens, possibly having traveled along the ciliary zonule fibers. We investigated the possibility that the lens‐surface associated ciliary zonule fibers provide a mechanism by which immune cells can surveille the lens in response to injury to the cornea. Cryosections of adult eyes, both unwounded and at 1 day post‐corneal debridement wounding, were immunolabeled for the leukocyte common antigen CD45 and co‐immunolabeled for the ciliary zonule protein MAGP1 (Figure [7](#fsb220617-fig-0007){ref-type="fig"}). Confocal imaging was performed along the ciliary zonules between the ciliary body and the lens including the zonule fibers that extend along the equatorial surface of the lens capsule (Figure [7A‐D](#fsb220617-fig-0007){ref-type="fig"}). In unwounded lenses, CD45+ cells were present along the MAGP1‐rich ciliary zonules between the ciliary body and the lens (Figure [7A](#fsb220617-fig-0007){ref-type="fig"}). 3D structural imaging highlights the relationship between an immune cell in this region and MAGP1 (Figure [7C](#fsb220617-fig-0007){ref-type="fig"}). Notably, no CD45+ cells were detected associated with the ciliary zonule fibers extended along the equatorial surface of the lens in unwounded eyes (Figure [7A](#fsb220617-fig-0007){ref-type="fig"}). However, in response to corneal debridement wounding, CD45+ immune cells are induced to migrate in an anterior direction along the MAGP1+ zonule fibers extended along the surface of the perlecan‐rich equatorial lens capsule (Figure [7B](#fsb220617-fig-0007){ref-type="fig"}). When viewed as a 3D structural image, the close association of these CD45+ immune cells with the ciliary zonules extended along the perlecan‐rich lens capsule is revealed (Figure [7D](#fsb220617-fig-0007){ref-type="fig"}).

![Surveillance of the lens by immune cells is induced in response to corneal debridement wounding. A‐D, Whole mouse eye cryosections imaged between the ciliary body and the lens and along the anterior surface of the lens (E,F) in (A,C,E) unwounded eyes and (B,D,F) at 1 day post‐corneal debridement wounding. A, Co‐immunolabeling for MAGP1 (purple) and CD45 (green), also labeled for actin (red) and nuclei (blue). B,D, and E, Co‐immunolabeling for MAGP1 (purple), CD45 (green), and perlecan (red), also labeled for nuclei (blue). C, Co‐immunolabeling for MAGP1 (purple), CD45 (green), and nuclei (blue). F, Immunolabeled for CD45 (green) and co‐labeled for actin (white) and nuclei (blue). Insets in A,B are high magnification views of the immune cells. (C,D, inset of F) 3D structural images created from confocal Z‐stacks. Asterisks indicate the same cells in different images. Dotted line indicates the surface of the lens. G, Quantification of the number of CD45+ immune cells present in three areas: the ciliary body, the equatorial region and the anterior epithelium in wounded and unwounded eyes. Graph demonstrates mean ± SD, data analyzed by *t* test with \**P* \< .05; \*\*\**P* \< .001. In unwounded eyes immune cells are found traveling on ciliary zonules between the ciliary body and the lens but were not associated with zonule fibrils that extend along the surface of the lens. In contrast, at 1D post‐corneal debridement wounding, surveillance of the lens by immune cells is induced and CD45+ cells are found traveling along the zonule fibers that extend along the surface of the lens and more anterior regions of the lens surface. Studies are representative of at least three independent experiments. Magnification bars = 20 μm A,B,E; =3 μm C,D; =10 μm F. CB, ciliary body; CZ, ciliary zonules; LC, lens capsule](FSB2-34-9316-g007){#fsb220617-fig-0007}

The immune response induced for protection of the lens when the cornea is wounded would be expected to involve movement of immune cells around the lens, beyond the region where the zonule fibrils end in the anterior‐most region of the lens equator. To examine this possibility, we imaged the anterior surface of lenses following immunolabeling for CD45+ in unwounded eyes (Figure [7E](#fsb220617-fig-0007){ref-type="fig"}) and in eyes at 1 day post‐corneal debridement wounding (Figure [7F](#fsb220617-fig-0007){ref-type="fig"}). No CD45+ cells were ever detected along the anterior surface of lenses in unwounded eyes (Figure [7E](#fsb220617-fig-0007){ref-type="fig"}). However, in response to corneal wounding, CD45+ cells become localized all along the upper half of the lens, associated with the ciliary zonule fibrils extended anteriorly along the lens capsule equatorial surface (Figure [7B,D](#fsb220617-fig-0007){ref-type="fig"}), as well as directly with the lens capsule along the anterior surface of the lens (Figure [7F](#fsb220617-fig-0007){ref-type="fig"}). While MAGP1+ zonule fibers do not extend to the anterior‐most region of the adult lens (Figure [5D,F](#fsb220617-fig-0005){ref-type="fig"}), TSP‐1 (Figure [6A,C](#fsb220617-fig-0006){ref-type="fig"}), perlecan (Figures [5E](#fsb220617-fig-0005){ref-type="fig"},G and [7E](#fsb220617-fig-0007){ref-type="fig"}), and laminin (Figure [6B,C](#fsb220617-fig-0006){ref-type="fig"}) are expressed at the superficial surface of the anterior lens capsule. Together, these findings provide the first evidence that an immune response is activated that provides immune cells to surveille the lens when there is wounding of the cornea, with immune cells first migrating within MAGP1‐rich microfibrils along the equatorial surface of the lens, and then, likely moving from the tips of these zonule structures to populate the anterior surface of the lens.

To further examine this immune response and immune cell trafficking following corneal wounding, we quantified the number of CD45+ immune cells present in three regions of wounded and unwounded eyes: the ciliary body, the lens equatorial surface, and the lens anterior surface (Figure [7G](#fsb220617-fig-0007){ref-type="fig"}). We found a statistically significant increase in the number of immune cells present in all three regions at 1 day post‐corneal wounding compared to unwounded controls (Figure [7G](#fsb220617-fig-0007){ref-type="fig"}). This demonstrated that there was increased presence of CD45+ immune cells in the ciliary body in response to wounding in addition to increased transit of immune cells along the surface of the lens capsule toward the anterior epithelium.

3.5. Immune cell subtypes that survey the lens in response to corneal wounding {#fsb220617-sec-0013}
------------------------------------------------------------------------------

To further identify the immune cells that are activated to populate the surface of the lens, we performed immunolabeling for CD68 and GR1 on cryosections of normal eyes (Figures [8A,C](#fsb220617-fig-0008){ref-type="fig"} and [9A,B](#fsb220617-fig-0009){ref-type="fig"}) and at 1 day after corneal debridement wounding (Figures [8B,D](#fsb220617-fig-0008){ref-type="fig"} and [9C](#fsb220617-fig-0009){ref-type="fig"}‐H). Each section was imaged by confocal microscopy in two areas: the surface of the lens equatorial zone (Figures [8A,B](#fsb220617-fig-0008){ref-type="fig"} and [9A,C](#fsb220617-fig-0009){ref-type="fig"},E,F), and the lens anterior surface (Figures [8C,D](#fsb220617-fig-0008){ref-type="fig"} and [9B,D](#fsb220617-fig-0009){ref-type="fig"},G,H). In normal eyes, CD68+ cells were never seen migrating along the lens capsule in the equatorial or anterior regions of the surface of the lens (Figure [8A,C](#fsb220617-fig-0008){ref-type="fig"}). The equatorial and anterior surfaces of the lens were also devoid of GR1+ cells in normal eyes (Figure [9A,B](#fsb220617-fig-0009){ref-type="fig"}). When the surveillance of the lens by immune cells is activated in response to corneal wounding, both CD68+ (Figure [8B,D](#fsb220617-fig-0008){ref-type="fig"}) and GR1+ (Figure [9C](#fsb220617-fig-0009){ref-type="fig"}‐H) immune cells populate the lens equatorial and anterior surfaces. In addition, a subpopulation of these GR1 cells were observed migrating through the perlecan‐rich capsule in the anterior epithelium region, shown in 3D structural images created from confocal Z‐stacks (Figure [8G](#fsb220617-fig-0008){ref-type="fig"},H, arrowheads). This finding shows that these immune cells, activated to surveille the lens in response to a corneal wounding, can cross into the lens itself as part of their response to ocular injury.

![Surveillance of the lens by immune cells in response to corneal debridement wounding involves macrophages. Whole mouse eye cryosections of (A,C) unwounded eyes and (B,D) at 1 day post‐corneal debridement wounding. A‐D, Immunolabeled for CD68 (green) and co‐labeled for actin (red) and nuclei (blue). Asterisks indicate the same cells in different images. Dotted line indicates the surface of the lens. Insets in B and D are 3D structural images created from confocal Z‐stacks. In unwounded eyes CD68+ cells are found traveling along the zonules between the ciliary body and the lens but not along the lens surface. In response to corneal wounding both CD68+ are induced to migrate along the lens capsule toward the anterior of the lens. Studies are representative of at least three independent experiments. Magnification bars = 20 μm A‐D; = μm for insets. LC, lens capsule. (A,C,D) Single optical plane; (B) projection image](FSB2-34-9316-g008){#fsb220617-fig-0008}

![Surveillance of the lens in response to corneal debridement wounding involves leukocytes. Whole mouse eye cryosections of (A,B) unwounded eyes and (C‐H) at 1 day post‐corneal debridement wounding. A‐H, Co‐immunolabeled for GR1 (green) and perlecan (A‐G red, H, pink), co‐labeled for nuclei (blue). A,C,E,F, Imaged along the equatorial zone; B,D,G,H, imaged along the anterior epithelium. E‐H, are 3D structural images created from confocal Z‐stacks. Asterisks indicate the same cells in different images. In response to corneal wounding GR1+ cells are induced to migrate along the lens capsule toward the anterior of the lens and in the anterior of the lens the GR1+ cells transit the lens capsule. Studies are representative of at least three independent experiments. Magnification bars = 20 μm A‐D; =5 μm E‐G; =2 μm H. LC, lens capsule. (A‐C) Single optical plane; (D) projection image](FSB2-34-9316-g009){#fsb220617-fig-0009}

3.6. SEM imaging of immune cells that associate with ciliary zonules on the surface of the lens in response to cornea wounding {#fsb220617-sec-0014}
------------------------------------------------------------------------------------------------------------------------------

Imaging of whole adult mouse lenses that had been removed from the eye and labeled for both MAGP1 and F‐actin shows the MAGP1‐rich ciliary zonules extending along the lens surface (Figure [10A,D](#fsb220617-fig-0010){ref-type="fig"},F, arrows) and entering the lens, becoming inserted within the lens epithelium which is labeled for F‐actin (Figure [10A‐F](#fsb220617-fig-0010){ref-type="fig"}, arrowheads). We also examined lens cell surface‐associated zonules by performing scanning electron microscopy (SEM) imaging studies of the lens surface in unwounded eyes (Figure [11](#fsb220617-fig-0011){ref-type="fig"}). Lenses removed from normal eyes were found to have extensive ciliary zonules that extend and spread out in thinner and thinner fibrils in an anterior direction along the lens surface (Figure [11A‐D](#fsb220617-fig-0011){ref-type="fig"}, shown from low to high magnification). These fibrils were acellular (Figure [11B‐D](#fsb220617-fig-0011){ref-type="fig"}). In contrast, as a response to cornea wounding (Figure [12](#fsb220617-fig-0012){ref-type="fig"}), groups of immune cells were often in association with the lens‐surface linked zonule fibrils (Figure [12B‐I](#fsb220617-fig-0012){ref-type="fig"}). These cells were of various phenotypes, some with morphologies typical of motile immune cells (Figure [12B‐E](#fsb220617-fig-0012){ref-type="fig"}), others more rounded and embedded within the zonule‐like fibrils extended along the surface of the lens (Figure [12F‐I](#fsb220617-fig-0012){ref-type="fig"}), similar in appearance to neutrophil extracellular traps (NETs).[^56^](#fsb220617-bib-0056){ref-type="ref"}, [^57^](#fsb220617-bib-0057){ref-type="ref"}

![Association of MAGP1‐rich ciliary zonules with the lens. A‐F, Imaging of whole lenses isolated from uninjured mouse eyes immunolabeled for MAGP1 (green) and co‐labeled for actin (red). (A) is a 3D image created using Volocity software, (B‐F) are 3D structural images created from confocal Z‐stacks using Imaris software. The images show zonule fibers associated with the lens surface and inserting into the lens epithelium. Arrows denote ciliary zonules, arrowheads denote F‐actin labeling of lens cells. Studies are representative of at least three independent experiments. Magnification bars = 20 μm A,C; =30 μm B; =10 μm D,F, =15 μm E. CZ = ciliary zonules](FSB2-34-9316-g010){#fsb220617-fig-0010}

![Ciliary zonules extended along the surface of the normal lens. SEM images of the surface of the mouse lens from unwounded eyes. Asterisks (A‐D) denote regions just anterior to the lens equatorial zone represented at increasingly higher magnifications. Ciliary zonules are seen to extend from the lens equator along the anterior surface of the lens in the normal eye. Cells are rarely detected in the zonule fibers that extend along the surface of the lens in unwounded eyes. Studies are representative of three independent lenses from control mice. Magnification bars = 1 mm A; =100 μm B; =30 μm C, =3 μm D](FSB2-34-9316-g011){#fsb220617-fig-0011}

![Cells populate zonule fibers that extend along the surface of the lens in response to cornea wounding. SEM images of the surface of the mouse lens at 1D post‐corneal wounding. Asterisks denote regions just anterior to the lens equatorial zone represented at increasingly higher magnifications. Cells with rounded morphologies typical of immune cells as well as cells with migratory phenotypes are prevalent, and often intertwined with the anterior extending zonules, after wounding. Studies are representative of three independent lenses from corneal wounded mice. Magnification bars = 1 mm A; = 100 μm B,F; = 50 μm C, = 10 μm D,E; = 40 μm G; = 5 μm H,I](FSB2-34-9316-g012){#fsb220617-fig-0012}

4. DISCUSSION {#fsb220617-sec-0015}
=============

The eye is among the few sites in the body where barriers to vascularization are essential to maintain function. After birth, the vasculature of the eye is restricted to areas outside the central light path. In the cornea, the limbal region is the principle source of immune cells following injury.[^53^](#fsb220617-bib-0053){ref-type="ref"}, [^54^](#fsb220617-bib-0054){ref-type="ref"} For the avascular lens, suspended in the center of the eye on the fibrillin and MAGP1‐rich zonules that link it to the ciliary body, the absence of a vasculature presents a challenge for an immune response to injury or dysgenesis and has led to the assumption that immune cells have no path or access to the lens. Previous studies from our lab of the dysgenic lenses of adult N‐cad^∆lens^ mice revealed that immune cells enter these lenses to populate the damaged areas of this tissue,[^1^](#fsb220617-bib-0001){ref-type="ref"} and suggested the potential path to the lens for these immune cells was the ciliary zonules. We now provide evidence that immune cells known to be present in vasculature‐rich uveal tissues, including the ciliary body and iris,[^8^](#fsb220617-bib-0008){ref-type="ref"}, [^9^](#fsb220617-bib-0009){ref-type="ref"}, [^11^](#fsb220617-bib-0011){ref-type="ref"} travel along the ciliary zonule fibrils that are extended along the surface of the lens and provide for surveillance of the lens by immune cells in response to debridement injury to the cornea (Figure [13](#fsb220617-fig-0013){ref-type="fig"}).

![Model depicting the immune response to the along the lens‐associated ciliary zonules following corneal debridement wounding. 1. Ciliary body. 2. Ciliary body, ciliary zonules, and the lens equator. 3. Lens anterior surface. Within 1 day following corneal debridement wounding, immune cells increase in the ciliary body, and come to populate the ciliary zonules along the equatorial surface of the lens and are also found along the anterior surface of the lens, where we find them transiting the lens capsule](FSB2-34-9316-g013){#fsb220617-fig-0013}

Prior to corneal wounding, immune cells populate the ciliary zonules between the ciliary body and the lens equator. In the unwounded eye, these immune cells did not associate with the anterior‐ or posterior‐directed ciliary zonules that extend along the surface of the lens. The results of this study now show, for the first time, that immune cells are associated with the ciliary zonules that extend from the equatorial to the anterior surface of the lens in response to a debridement wound of the cornea, and suggest they are sourced from the vasculature‐rich ciliary zonules. Immune cells, including monocytes, macrophages, and neutrophils migrate along these lens‐associated zonule fibers during the first day following cornea wounding, and come to locate to the lens anterior surface just beyond the extent of the zonule fibers, likely associated with the matrix components of the anterior lens (Figure [13](#fsb220617-fig-0013){ref-type="fig"}).

Our studies now show that the ECM protein MAGP1, a principal molecular component of the ciliary zonules is upregulated in the central cornea following debridement wounding. In our previous RNAseq study, data mining analysis shows that MAGP1 (MFAP2) RNA is not expressed by the cells of the corneal epithelium in either unwounded or wounded corneas, but is expressed by stromal cells, increasing 1.4‐fold following wounding,[^58^](#fsb220617-bib-0058){ref-type="ref"} a result consistent with the protein data shown here. MAGP1 binds to and activates latent and active forms of TGFβ,[^30^](#fsb220617-bib-0030){ref-type="ref"}, [^34^](#fsb220617-bib-0034){ref-type="ref"}, [^59^](#fsb220617-bib-0059){ref-type="ref"} which is known to increase in the aqueous humor in the setting of anterior chamber inflammation, such as experimental autoimmune uveoretinitis, as well as glaucoma.[^60^](#fsb220617-bib-0060){ref-type="ref"}, [^61^](#fsb220617-bib-0061){ref-type="ref"} MAGP1 could be actively involved in the movement of immune cells to the lens along the lens‐associated ciliary zonules, as well as in the wounded cornea. Both HA and TSP‐1, which associate directly or indirectly with fibrillin,[^62^](#fsb220617-bib-0062){ref-type="ref"}, [^63^](#fsb220617-bib-0063){ref-type="ref"} are also likely factors in the process that promotes immune cell migration across the ciliary zonules to surveille the avascular lens. HA is known to promote inflammation in response to wound healing[^64^](#fsb220617-bib-0064){ref-type="ref"} and TSP‐1 to mediate cell matrix interactions.[^35^](#fsb220617-bib-0035){ref-type="ref"} TSP‐1 was found to be associated with both the ciliary zonule microfibrils and the superficial surface of the anterior lens capsule.

It is also important to consider this immune response in the context of an adaptive immune response. It has been shown that antigens from the avascular cornea are able to travel to the secondary lymphatic tissue including the cervical and submandibular draining lymph node and spleen via antigen‐presenting dendritic cells and macrophages.[^12^](#fsb220617-bib-0012){ref-type="ref"}, [^65^](#fsb220617-bib-0065){ref-type="ref"}, [^66^](#fsb220617-bib-0066){ref-type="ref"} If these antigens are delivered in the context of innate‐immune cell activation, this can also result in antigen‐specific T‐cell activation and response, which may in turn contribute to further surveillance of the cornea and lens.

SEM studies show that many of the immune cells that associate with the lens surface in response to cornea wounding are integrated into the zonule fiber meshwork, including ones with rounded morphologies or flattened morphologies characteristic of migratory phenotypes. Migratory immune cells, especially migratory dendritic cells, are critical for both protective pro‐inflammatory and anti‐inflammatory responses.[^67^](#fsb220617-bib-0067){ref-type="ref"} SEM studies also demonstrate that the ciliary zonule‐associated immune cells are similar in appearance to NETs.[^56^](#fsb220617-bib-0056){ref-type="ref"} NETs have previously been primarily linked to a role in antimicrobial and antiviral defense, to prevent infectious spread, including in the eye.[^68^](#fsb220617-bib-0068){ref-type="ref"}, [^69^](#fsb220617-bib-0069){ref-type="ref"} NETs have also been linked to both pro‐ and anti‐inflammatory functions[^70^](#fsb220617-bib-0070){ref-type="ref"}, [^71^](#fsb220617-bib-0071){ref-type="ref"}, [^72^](#fsb220617-bib-0072){ref-type="ref"}, [^73^](#fsb220617-bib-0073){ref-type="ref"}, [^74^](#fsb220617-bib-0074){ref-type="ref"} and recent eye studies also suggest a role for NETs in eye immunomodulation.[^75^](#fsb220617-bib-0075){ref-type="ref"}

Our findings also demonstrate the migration of immune cells through the lens capsule. In our previous studies of dysgenic lenses,[^1^](#fsb220617-bib-0001){ref-type="ref"} we showed the presence of immune cells within the lens in spite of an intact lens capsule. Here, we show for the first time, immune invasion across the lens capsule in the absence of lens pathology. This highlights a potential role for immune cells in cataract formation, especially in the setting of pro‐inflammatory conditions which have been linked to increased and complicated cataract formation in the past, such as pediatric uveitis,[^76^](#fsb220617-bib-0076){ref-type="ref"}, [^77^](#fsb220617-bib-0077){ref-type="ref"}, [^78^](#fsb220617-bib-0078){ref-type="ref"} viral anterior uveitis,[^79^](#fsb220617-bib-0079){ref-type="ref"}, [^80^](#fsb220617-bib-0080){ref-type="ref"}, [^81^](#fsb220617-bib-0081){ref-type="ref"} and intermediate uveitis.[^82^](#fsb220617-bib-0082){ref-type="ref"}, [^83^](#fsb220617-bib-0083){ref-type="ref"}, [^84^](#fsb220617-bib-0084){ref-type="ref"} Additionally, our discovery is consistent with the finding that an innate immune response is active post‐cataract surgery within the lens, as seen in Posterior Capsule Opacification (PCO) studies,[^85^](#fsb220617-bib-0085){ref-type="ref"} which also demonstrated an induction of S100A9 in the post‐cataract surgery setting. The S100 proteins, known to be damage‐associated molecular patterns (DAMPs) also known as alarmins, are capable of activating immune cell recruitment for tissue repair.[^86^](#fsb220617-bib-0086){ref-type="ref"} In light of this, our understanding of multiple ocular diseases likely depends on our furthered understanding of ocular immune regulation.

Much progress has been made over the years in understanding immune privilege in the eye since the term was first introduced.[^87^](#fsb220617-bib-0087){ref-type="ref"} The innovative adaptations for immune cells to be recruited to immune protected sites in the eye indicate that, like the brain, the lens is better described as immune quiescent.[^88^](#fsb220617-bib-0088){ref-type="ref"} Our findings here show that in the adult eye there is an active mechanism for immune cells to surveille the lens. In response to a corneal injury, immune cells that are normally associated with zonules between the ciliary body and the lens are signaled to accumulate along the zonules that extend along the surface of the lens and further migrate along the anterior aspect of the lens, with some even traversing the lens capsule. Going forward, it is clear that it now becomes important to define the mechanisms governing the role of fibrillin, MAGP1 and their associated molecules in promoting immune cell migration along lens zonule fibers.
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